1. Introduction {#sec1}
===============

Increasingly, it is hypothesized that schizophrenia reflects subtle connectivity dysfunction ([@bb0050]). Converging neurophysiological and neuroimaging data have documented widely distributed abnormalities in brain activity and functional connectivity ([@bb0010]; [@bb0028]; [@bb0050]; [@bb0070]), validating the overarching disconnection hypothesis of schizophrenia ([@bb006]). In terms of the structural aspects, a qualitative review ([@bb0043]) and a quantitative meta-analysis ([@bb0021]) have documented widespread reductions in white matter fractional anisotropy in chronic schizophrenia, which have also been observed in first-episode patients ([@bb0025]). An abnormal white matter ultrastructure likely underlies abnormal cooperation among brain networks ([@bb0012]). After finding abnormal functional connectivity between the frontal and temporal regions, [@bb0028] proposed fronto-temporal disconnection as a key neurobiological feature of schizophrenia. The term "disconnection" connotes reduced connectivity. "Dysconnectivity" has been introduced to refer to abnormal integration between anatomically distinct brain regions ([@bb0070; @bb9000]). [@bb006] suggested that disruption of the cortico-cerebellar--thalamic--cortical (CCTC) circuits underlies the deterioration in neural synchrony, with improper coordination of the mental processes leading to "cognitive dysmetria." Abnormal neural synchrony ([@bb0023]) is hypothesized to be one of the main causes of cognitive dysfunction in schizophrenia. A recent review ([@bb0072]) concluded that altered neural oscillations and synchrony are crucial elements in the pathophysiology of schizophrenia. This conclusion was based on aberrant connectivity and synchrony findings in patients with schizophrenia ([@bb0028]; [@bb0030]; [@bb0038]; [@bb0041]), as well as differences in effective connectivity in schizophrenia patients compared to controls ([@bb0017]; [@bb0019]; [@bb0041]). The dysconnectivity hypothesis has been extended to explain specific symptoms in schizophrenia, particularly auditory hallucinations (AH) ([@bb0053]) and visual hallucinations and AH in findings by [@bb005].

AH are a hallmark of the psychotic experience. Neuroimaging studies have found abnormal activation in patients with AH, particularly in cortical regions of language processing ([@bb004]). Several studies have shown abnormal structural and functional connectivity in patients with AH ([@bb009]; [@bb0047]).

Most studies have found reduced functional connectivity between the temporal, limbic and frontal areas ([@bb0035]; [@bb0074]). Few studies (e.g., [@bb0047]) have analyzed synchrony and effective connectivity in a group of patients with schizophrenia and AH.

Emotional processing disturbances have been related to the origination of AH ([@bb0057]; [@bb002]). Our group has focused on understanding emotional processing in patients with AH. In a previous study, we obtained evidence of enhanced activation of the limbic and frontal brain areas in a small group of patients with persistent AH engaged in passively listening to emotional words ([@bb0058]). These results implicated circuits subserving the processing of emotional stimuli as a neural substrate of AH. In a subsequent work, we studied functional connectivity in response to an emotional auditory paradigm in patients with AH by conducting independent component analyses (ICA) ([@bb0022]). Using this approach, the activated areas could be obtained by selecting the ICA components related to the emotional auditory paradigm. Functional connectivity is then characterized by detecting statistical dependencies among the time courses of the areas activated in response to the auditory emotional stimuli ([@bb0022]). In addition to the temporal, frontal and parietal networks detected in all subjects, in the schizophrenia patients with AH, we observed a specific pattern of functional connectivity involving activation of the limbic structures (predominantly the amygdala and parahippocampal gyrus). We used an emotional auditory task in this work to analyze the synchrony patterns and Granger-causal relationships to study effective connectivity and to determine which brain regions directly influence other brain regions. We predicted the following results: compared to the controls and schizophrenia patients without AH, the schizophrenia patients with AH would 1) have abnormal synchrony between the detected networks and concrete abnormalities in the frontal cortex compared with the other brain regions and 2) have different Granger-causal interactions between the frontal, parietal, temporal, limbic and cerebellar networks.

2. Materials and methods {#sec2}
========================

2.1. Participants {#sec2.1}
-----------------

A total of 41 male patients with schizophrenia (27 with chronic AH and 14 without AH) were recruited. All patients fulfilled the DSM-IV diagnostic criteria for schizophrenia. The patients with chronic AH fulfilled the following selection criteria for persistent hallucinations ([@bb0058]): (a) they heard voices that were resistant to treatment for at least 1 year; (b) the voices were present at least once a day during the last year; and (c) at least two antipsychotic drugs had been tried in the last year at doses equivalent to at least 600 mg/day of chlorpromazine. Patients with a history of traumatic brain injury, epilepsy or other neurological or psychiatric history were excluded. All patients were being treated with stable doses of antipsychotic medication. The patients were clinically assessed with the Positive and Negative Syndrome Scale (PANSS) ([@bb0040]), the Brief Psychiatric Rating Scale (BPRS) ([@bb0073]) and the Psychotic Symptom Rating Scale (PSYRATS) for AH ([@bb0033]) in the 24 h prior to scanning.

A group of 31 healthy male subjects was selected as the control group. The participants were male, right handed (as assessed with the Edinburgh Questionnaire, [@bb0049]) and Caucasian, and they provided written informed consent to participate in the experiment. The study was approved by the local institutional ethics committee.

The healthy controls and patients did not differ significantly in terms of sex, laterality, or ethnicity. The groups differed significantly in educational level, with a greater proportion of individuals with university and high school diplomas (or equivalence) in the control group, as expected. [Table 1](#t0005){ref-type="table"} shows the demographic and clinical characteristics of all participants.

2.2. Functional imaging {#sec2.2}
-----------------------

### 2.2.1. Data acquisition {#sec2.2.1}

A 1.5 Tesla scanner (Philips Medical Systems) was used to acquire BOLD contrasts during a stimulation paradigm ([@bb0022]; [@bb0056]). An emotional auditory paradigm was designed to evoke emotions related to the patients\' hallucinatory experiences (Supplementary material 1). The participants were binaurally stimulated during two different sessions. The activation blocks in one session consisted of 13 Spanish words with high emotional content. The other session had activation blocks containing 13 words with neutral or low emotional content. Four blocks of stimuli (20 s each) were interleaved with four blocks of rest of 20 s each. The subjects were informed before the test regarding the two types of words they were going to hear and were asked to focus their attention on these words.

### 2.2.2. Data analysis {#sec2.2.2}

Pre-processing of the functional data was performed using SPM (<http://www.fil.ion.ucl.ac.uk/spm>) (Supplementary material 2). The ICA analysis was performed using the Group ICA approach fMRI Toolbox (GIFT, <http://www.icatb.sourceforge.net>). Components of interest (CoI) were selected (in terms of the individual beta values related to the emotional task), and the regressors in each component were entered into a one-sample *t*-test with a threshold of *p* \< 0.01 ([@bb0022]). Age was controlled for in a second analysis. A correlation test was performed to evaluate the relationship between age and the components of interest loads. Correlations were not detected.

2.3. Techniques for measuring synchrony {#sec2.3}
---------------------------------------

We used the intra-group ICA time-course (TC) correlation coefficient matrix obtained for all pair-wise combinations of ICA-TC to examine functional connectivity across the three groups ([@bb0038]). To observe the relationships between every CoI pair, we calculated Pearson\'s correlation coefficients ([@bb0026]) (Supplementary material 3).

2.4. Techniques used for causal analysis {#sec2.4}
----------------------------------------

The data tool Granger causal connectivity analysis (GCCA) was used to analyze causality ([@bb0067]). A key challenge when analyzing such data is to study the causal connectivity using a driven-data methodology to study multivariate time series. This kind of methodology combines graph-theoretic and network-theoretic techniques that allow their quantitative characterization ([@bb0066]).

### 2.4.1. Causal flow {#sec2.4.1}

Within a given causal network, we defined the causal flow of a node, "*i*", as the difference (weighted or not) between its inflows and outflows. A node with positive causal flow exerts strong causal influence on a dynamic system as a whole. This node is called a causal source. In contrast, a node with negative causal flow is called a causal sink ([@bb0068]).

### 2.4.2. Causal density {#sec2.4.2}

The causal density of a dynamic system provides an overall measure of causal interactivity ([@bb0066]). This causal density measure is defined as a causal graph for all pairs of elements in the system. Those interactions that are not significant are assigned zero values, as calculated by the following expression:$$cd\left( X \right) = \frac{1}{n\left( n - 1 \right)}{\sum\limits_{i \neq j}F_{X_{i\rightarrow}X_{j}|X_{|ij|}}}$$ where *X*~\[*ij*\]~ is a *X* subsystem omitting variables *X~i~* and *X~j~*. This value could be calculated between 0 and 1 and is based on causal density, in which all significant interactions are assigned the value 1. Causal density measures dynamic complexity because it reflects the complexity of integration and the coexistence of dynamic segregation ([@bb0069]). High causal density indicates which system elements are globally coordinated in their activities. It facilitates the prediction of the influence of a node on the graph. However, the elements are dynamically different; therefore, diverse elements contribute in a different manner.

### 2.4.3. Unit causal density {#sec2.4.3}

The unit causal density cdn (*i*) of a node "*i*" is a value related to the causal interaction of that node *i* normalized by the number of nodes. A system with n-nodes has n elements with n-cdn values, is an unweighted version and is calculated by assigning all significant interactions the value 1. A node with a high value for cdn could be called a causal hub of system *X*.

3. Results {#sec3}
==========

3.1. CoI identified in each group by ICA analysis {#sec3.1}
-------------------------------------------------

As previously reported ([@bb0022]), the following CoI were identified in the control group: temporal (CE19), fronto-temporo-parietal (CE18), subcortical--fronto-temporal (CE09) and occipito-cerebellar (CE04). The following CoI were identified in the patient group with AH: temporal (HE17), fronto-parietal (HE14), fronto-temporal (HE11), limbic (parahippocampal--amygdalar) (HE06), and occipito-cerebellar (HE02). The following CoI were identified in the patients with schizophrenia but without chronic AH: temporal (NHE19), fronto-temporal (NHE18), subcortical--temporo-parietal--cerebellar (NHE13) and fronto-parietal (NHE12).

3.2. Synchrony {#sec3.2}
--------------

Correlation coefficients could be calculated for every pair of CoI. The possible combinations are shown in [Tables 2, 3 and 4](#t0010 t0015 t0020){ref-type="table"}.

### 3.2.1. Control group {#sec3.2.1}

As shown in [Table 2](#t0010){ref-type="table"} and [Fig. 1A](#f0010){ref-type="fig"}, higher correlations were found for the temporal component (CE19), particularly in the relationships to the subcortical--fronto-temporal (CE09) and occipito-cerebellar (CE04) components. The minimal correlation value was found in the relationship between the fronto-temporo-parietal (CE18) and subcortical--fronto-temporal (CE09) components. All the components were highly correlated with each one another. [Fig. 1A](#f0010){ref-type="fig"} shows that the temporal (CE19) and subcortical--fronto-temporal (CE09) components were synchronized, whereas the fronto-temporo-parietal (CE18) and occipito-cerebellar (CE04) components were delayed, compared with components (CE19, CE09). [Fig. 1A](#f0010){ref-type="fig"} (right) depicts the correlation function calculations for the control group in terms of the phaser graphs. A phasor is a vector whose modulus is the maximal value of the function. The lag at which this value is obtained is represented by the means of the angle between the vector and the horizontal axis.

### 3.2.2. Patients with chronic AH {#sec3.2.2}

As shown in [Table 3](#t0015){ref-type="table"} and [Fig. 1B](#f0010){ref-type="fig"}, we found high correlations among the temporal (HE17), fronto-parietal (HE14) and fronto-temporal (HE11) components. Additionally, the limbic (HE06) and occipito-cerebellar (HE02) components were significantly correlated with one another; however, they were unrelated to the temporal, fronto-parietal, and fronto-temporal components (the left side of [Fig. 1B](#f0010){ref-type="fig"}).

The cross-correlation function calculations among the patients are shown in [Fig. 1B](#f0010){ref-type="fig"}. The phasers corresponding to the limbic (HE06) and occipito-cerebellar (HE02) components (the right side of [Fig. 1B](#f0010){ref-type="fig"}) showed large delays compared with the remaining components.

### 3.2.3. Patients without chronic AH {#sec3.2.3}

As shown in [Table 4](#t0020){ref-type="table"} and [Fig. 1C](#f0010){ref-type="fig"}, we found high significant correlations between the temporal (NHE19), fronto-parietal (NHE12), subcortico-fronto-temporal--cerebellar (NH13) and fronto-temporal (NHE18) components. The right side of [Fig. 1C](#f0010){ref-type="fig"} depicts the correlation function calculations for the patients without AH in terms of the phaser graphs. [Fig. 1C](#f0010){ref-type="fig"} shows that the temporal (NHE19) and fronto-temporal (NHE18) components were synchronized, whereas the frontal--parietal (NHE12) and subcortico-temporo-parietal--cerebellar (NHE13) components were delayed compared with the first two components.

3.3. Effective connectivity analysis {#sec3.3}
------------------------------------

### 3.3.1. Control group {#sec3.3.1}

Based on the Granger-causality analysis, the temporal (CE19) and fronto-temporo-parietal (CE18) components were causal sources, whereas the subcortical--fronto-temporal (CE09) and occipito-cerebellar (CE04) components were causal sinks ([Fig. 2](#f0015){ref-type="fig"}A). The analysis of the causal density units showed that all nodes were highly integrated in the system, with the temporal (CE19) component being the main causal hub. The temporal (CE19) component exerted the highest Granger-causality influence on the remaining system components.

### 3.3.2. Patients with persistent AH {#sec3.3.2}

As shown in [Fig. 2B](#f0015){ref-type="fig"}, the occipito-cerebellar (HE02) component was a strong causal source, whereas the fronto-parietal (HE14) and limbic (HE06) components were causal sinks. The temporal (HE17) component was the main causal hub. The graph for the patients with AH shows a large number of interactions among the components.

### 3.3.3. Patients without chronic AH {#sec3.3.3}

We observed that the temporal component (NHE19) was a causal source, whereas the fronto-parietal (NHE12) and subcortico-fronto-temporal--cerebellar (NHE13) components were causal sinks ([Fig. 2C](#f0015){ref-type="fig"}). The temporal (NHE19) component was the main causal hub. The temporal (NHE19) component exerted the highest Granger-causality influence on the remaining system components.

4. Discussion {#sec4}
=============

In a homogeneous sample of patients with schizophrenia and persistent AH, we found (1) abnormal synchrony compared to a healthy control group and to patients with schizophrenia without chronic AH, specifically between the cerebellum-limbic and frontal--temporal--parietal networks, as well as (2) a different pattern of effective connectivity between these functional networks while processing emotional auditory stimuli.

Our finding of aberrant functional connectivity between the networks (the frontal--parietal--temporal--limbic--cerebellar areas) in the patients compared to the controls aligns with reports of reduced frontal connectivity ([@bb0050]) and disconnections between the frontal and temporal lobes ([@bb0011]; [@bb0030]; [@bb0041]). We used the task of passively listening to emotional auditory stimuli, which elicited a different pattern of functional response between the controls and patients because we only observed activation in a network comprising subcortical--limbic areas (amygdala and parahippocampal gyrus) in the patients with AH; these results have been previously reported and discussed in depth ([@bb0022]). This analysis showed that the subcortical--limbic network and an occipito-cerebellum network were more synchronized in the patients with AH (particularly in the fusiform gyrus, culmen and declive of the vermis) and desynchronized from the frontal--parietal--temporal areas.

The controls and patients without AH showed more synchronization between the networks (frontal--parietal--temporal--limbic--cerebellar areas) than the patients with AH. Our results align with the most common finding in the literature, abnormalities in the frontal lobe ([@bb0024]; [@bb0055]; [@bb0077]), frontal--temporal dysconnectivity ([@bb0024]; [@bb0077]) and prefrontal regions connections with other brain regions, including the cerebellum and the parietal and occipital cortices. Additionally, altered regional connectivity of the parietal, temporal and occipital cortex, as well as the subcortical nuclei, has been observed ([@bb0045]). It is hypothesized that language dysfunction located in the frontal and temporal regions and specific dysconnectivity between the two regions play critical roles in the core pathophysiology of schizophrenia studies, particularly in studies of auditory verbal hallucinations ([@bb0036]; [@bb0065]; [@bb0076]; [@bb0075]).

Our second finding was that causal interactions between the functional brain networks differed among the three groups. In the control group and the patient group without AH, we found that the main causal source was the temporal lobe network component (CE19), which aligns with previous studies of emotional auditory processing ([@bb0051]). In the control group, the temporal (CE19) and fronto-temporo-parietal (CE18) components were causal sources; however, in the group of patients without AH, only the temporal component (NHE19) was a casual source. In the group of patients with AH, the main causal source was the occipito-cerebellar network component (HE02), despite the processing of auditory emotional stimuli by the patients.

The cerebellum plays an important role in supporting brain synchrony. The study of synchrony could inform our understanding of the functional organization of the brain, particularly in task-evoked processes ([@bb008]; [@bb0046]). Our findings support and extend the findings of numerous studies that have identified similar regions (cerebellar and limbic) associated with emotional deficits in patients with schizophrenia ([@bb001]; [@bb007]). Brain synchrony is the basis for communication between different neural areas. From this perspective, the cerebellum could be considered to be crucial for synchrony ([@bb0052]; [@bb0063]). Additionally, the cerebellum is involved in higher cognitive functions ([@bb0062]; [@bb007]). The cerebellar circuits process learning (particularly error-related), timing and prediction in relation to motor and cognitive information ([@bb0014]). The timing hypothesis postulates that the cerebellum is critical for representing temporal relationships among task-relevant events, which is closely related to the concept of synchrony. In this sense, the cerebellum function is analogous to a supramodal internal timing unit (such as a metronome) ([@bb0037]). Hypothetically, when the cerebellar timing function is disrupted, the information processing stream becomes desynchronized, providing a nurturing environment for a diverse range of psychopathological conditions ([@bb0063]). Regarding schizophrenia, the cerebellum is connected to many regions of the cerebral cortex by the cortico-cerebellar--thalamic--cortical circuits and might play a crucial role in this distributed circuit to coordinate or modulate aspects of cortical activity ([@bb0052]).

According to the "cognitive dysmetria" or "dysmetria of thought" models of schizophrenia, aberrant cerebellar modulation of information to the cerebral cortex is involved in the pathophysiology of the disorder ([@bb006]; [@bb0059]). This finding is consistent with the [@bb0016] study, which preliminarily reported that, compared with controls, patients with schizophrenia demonstrated deficits in cerebellar inhibition. Their data are corroborated by our results demonstrating between-group differences in the causal flow of information between the cerebellar--occipital component and other regions, with an afferent direction of flow for the controls ([Figs. 2A and 2C](#f0015){ref-type="fig"}) and an efferent direction for the patients with AH ([Fig. 2B](#f0015){ref-type="fig"}).

There is evidence that neuroanatomical damage to the CCTC could be the primary pathophysiological alteration in schizophrenia ([@bb0042]). It is well known that cerebellar abnormalities exist in schizophrenia patients ([@bb007]). Our findings suggest that the functional dysconnectivity of the cerebellum with the cerebrum predominantly involves the anterior and vermal areas of the cerebellum, the main areas included in the occipito-cerebellar component in the group of patients with AH. The vermis has previously been labeled as the "limbic cerebellum" because the anterior vermis is the principal cerebellar target of limbic projections ([@bb0061]). Behavioral studies have supported a relationship between the cerebellar midline structures and the modulation of emotion ([@bb0034]; [@bb0071]), and lesions of the vermis have been shown to produce affective symptoms ranging from emotional blunting and depression to disinhibition and psychotic features ([@bb0060]).

Further evidence implicating cerebellar circuits was presented by [@bb0020], who found less activation of the left cerebellum, right insula and left parahippocampal gyrus in patients with AH. Additionally, our findings are consistent with the results of [@bb0013], which showed decreased connectivity in several brain areas in patients with AH, including between the right cerebellum and left thalamus.

In this study, we relied on ICA, a driven-data method that could separate independent spatial--temporal patterns of neural activity from the fMRI data in a manner that has been helpful in studying intrinsic brain networks ([@bb0015]). Granger-causality was used to explore effective connectivity in fMRI data to quantify the strength of interactions between activated brain areas ([@bb0032]; [@bb0018]; [@bb0044]) The ICA and Granger-causality techniques allowed us to analyze the functional and effective connectivities, respectively. ICA allowed us to select the CoI that were candidates for the GCCA analysis of their associated time-courses. The main strength of this methodological framework was the combination of these independent techniques, which allowed us to observe whether different methods would lead to consistent results and more reliable conclusions.

This study has several limitations. First, all patients were taking antipsychotics at the time of scanning, although we did not find any significant correlations between the chlorpromazine equivalents and our imaging measures. Second, our small sample size limited our power to detect relationships with symptom severity or duration of illness, Our findings of impaired synchrony should be confirmed in larger samples, preferably with unmedicated first-episode schizophrenia patients. Third, the sample of patients without AH (*n* = 14) is relatively small compared with the control group (*n* = 31) and patients with AH (*n* = 27) groups. Including a subgroup of schizophrenia patients treated with the identical medications and differing only in the absence of persistent AH strengthens our confidence in our findings. Fourth, the application of the Granger-causality method to the fMRI data is somewhat controversial ([@bb0027]; [@bb0054]). Specifically, Granger-causality analysis ignores the influence of other areas when assessing whether coupling between reference regions A and B is driven by region C ([@bb0029]). Accordingly, we employed GCCA ([@bb0031]), which is based on a direct expansion of the autoregressive model to a multivariate general case, including all measured variables.

Patients with schizophrenia and AH exhibit abnormal patterns of neural synchrony, as well as different patterns of Granger-causal interaction between functional networks compared with controls and patients with schizophrenia without AH. The results indicate an anomalous process of neural connectivity in the cortico-cerebellar--thalamic--cortical circuits in patients with AH. A central role for the cerebellum in the pathological processing of emotional stimuli by patients with schizophrenic and persistent AH is suggested, perhaps reflecting deficiencies in predicting the emotional effect of a given stimuli.
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![A. The network correlations in the control group. The results obtained for each pair of components with *R* \> 0.5 (see [Table 2](#t0010){ref-type="table"}). The correlation coefficient values are adjacent to the edges, and the thicknesses of the edges represent the magnitudes of the correlations (left). A phasorial plot, in which we used the CE19 component as a reference and compared its cross-correlation function (CCF) with those of the remaining components (right). Abbreviations: temporal (CE19), fronto-temporal--parietal (CE18), subcortical--fronto-temporal (CE09), occipito-cerebellar (CE04). B. The network correlations in the patients with schizophrenia and chronic AH. The results obtained for each pair of components with *R* \> 0.5 (see [Table 3](#t0015){ref-type="table"}). The correlation coefficient values are adjacent to the edges, and the thicknesses of the edges represent the magnitudes of the correlations (left). A phasorial plot, in which we used the HE17 component as a reference and compared its CCF with those of the remaining components (right). Abbreviations: temporal (HE17), fronto-parietal (HE14), fronto-temporal (HE11), limbic (parahippocampal--amygdala) (HE06), and occipito-cerebellar (HE02). C. The network correlations in the patients with schizophrenia and without chronic AH. The results obtained for each pair of components with *R* \> 0.5 (see [Table 4](#t0020){ref-type="table"}). The correlation coefficient values are adjacent to the edges, and the thicknesses of the edges represent the magnitudes of the correlations (left). A phasorial plot, in which we used the NHE19 component as a reference and compared its CCF with those of the remaining components (right). Abbreviations: temporal (NHE19), fronto-temporal (NHE18), subcortico-fronto-temporal--cerebellar (NHE13) and fronto-parietal (NHE12).](gr1){#f0010}

![The central upper image represents the G-causality matrix between the ICA time courses, with black indicating a strong presence of a given connection across all profiles and white indicating that an interaction was never present. The right figure shows the graph representing the causality network at *p* \< 0.01. The vertices represent the CoI, and the edges represent their causality relationships. The color red indicates bidirectional edges (high interaction), and green indicates unidirectionality. The multivariate Bayesian information criterion was calculated to determine the VAR model order, p (*p* = 1). A) Control group. Abbreviations: temporal (CE19), fronto-temporo-parietal (CE18), subcortical--fronto-temporal (CE09), occipito-cerebellar (CE04). B) Patients with schizophrenia and AH. Abbreviations: temporal (HE17), fronto-parietal (HE14), fronto-temporal (HE11), limbic (parahippocampal--amygdala) (HE06), and occipito-cerebellar (HE02). C) Patients with schizophrenia without auditory hallucinations. Abbreviations: temporal (NHE19), fronto-temporal (NHE18), subcortico-temporo-cerebellar (NHE13) and fronto-parietal (NHE12).](gr2){#f0015}

###### 

Demographic and clinical characteristics of patients and control samples.

                                               Controls (*n* = 31)   Hallucinators (*n* = 27)   Non-hallucinators (*n* = 14)   *p*
  -------------------------------------------- --------------------- -------------------------- ------------------------------ -------------
  Age (years)                                  31.34 ± 10.52         39.15 ± 8.76               42.93 ± 14.76                  \< 0.002
  Duration of illness (years)                                        15.1 ± 8.1                 18.2 ± 11.2                    N.S.
  Handedness (% right)                         100                   100                        100                            
  PANSS[a](#ngtbl1.1){ref-type="table-fn"}                           65.33 ± 17.83              53.71 ± 11.68                  \< 0.021
  BPRS[b](#ngtbl1.2){ref-type="table-fn"}                            51.11 ± 10.96              38.86 ± 7.96                   \< 0.003
  PSYRATS[c](#ngtbl1.3){ref-type="table-fn"}                         30.33 ± 4.96               0                              
  Educational level                                                                                                            
  Elementary school                            4                     15                         7                              \< 0.003
  High school degree equivalent                14                    10                         4                              
  University                                   13                    2                          3                              
  Treatment (type of antipsychotic)                                                                                            
  First generation                                                   1                          1                              N.S.
  Second generation                                                  16                         8                              N.S.
  Combined (first and second generation)                             10                         5                              N.S.
  Chlorpromazine dose equivalence                                    792.63 ± 698.80            533.33 ± 410.86                *p* = 0.145

Data are displayed as mean ± SD.

Positive and Negative Syndrome Scale.

Brief Psychiatric Rating Scale.

Psychotic Symptom Rating Scale.

###### 

Correlation coefficients and significances R (p), for all ICA components observed in the healthy control group. The table depicts all possible pair-wise correlations for ICA time courses.

  R (p)   CE19            CE18            CE09            CE04
  ------- --------------- --------------- --------------- ---------------
  CE19    1.00 (0.0000)   0.64 (0.0000)   0.78 (0.0000)   0.84 (0.0000)
  CE18    0.64 (0.0000)   1.00 (0.0000)   0.42 (0.0001)   0.50 (0.0000)
  CE09    0.78 (0.0000)   0.42 (0.0001)   1.00 (0.0000)   0.50 (0.0000)
  CE04    0.84 (0.0000)   0.50 (0.0000)   0.50 (0.0000)   1.00 (0.0000)

###### 

Correlation coefficients and significances R (p), for all ICA components observed in patients with AH. The table depicts all possible pair-wise correlations for ICA time courses.

  R (p)   HE17            HE14            HE11            HE06            HE02
  ------- --------------- --------------- --------------- --------------- ---------------
  HE17    1.00 (0.0000)   0.82 (0.0000)   0.61 (0.0000)   0.35 (0.0016)   0.07 (0.5172)
  HE14    0.82 (0.0000)   1.00 (0.0000)   0.84 (0.0000)   0.45 (0.0000)   0.39 (0.0003)
  HE11    0.61 (0.0000)   0.84 (0.0000)   1.00 (0.0000)   0.33 (0.0029)   0.35 (0.0013)
  HE06    0.35 (0.0016)   0.45 (0.0000)   0.33 (0.0029)   1.00 (0.0000)   0.61 (0.0000)
  HE02    0.07 (0.5172)   0.39 (0.0003)   0.35 (0.0013)   0.61 (0.0000)   1.00 (0.0000)

###### 

Correlation coefficients and significances R (p), for all ICA components observed in patients without AH. The table depicts all possible pair-wise correlations for ICA time courses.

  R (p)   NHE19           NHE18           NHE13           NHE12
  ------- --------------- --------------- --------------- ---------------
  NHE19   1.00 (0.0000)   0.52 (0.0000)   0.70 (0.0000)   0.68 (0.0000)
  NHE18   0.52 (0.0000)   1.00 (0.0000)   0.33 (0.0001)   0.72 (0.0000)
  NHE13   0.70 (0.0000)   0.33 (0.0001)   1.00 (0.0000)   0.47 (0.0000)
  NHE12   0.68 (0.0000)   0.72 (0.0000)   0.47 (0.0000)   1.00 (0.0000)

[^1]: These authors have contributed equally to this work.
